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Dysregulation of either the extrinsic or intrinsic 
apoptotic pathway can lead to various diseases 
including immune disorders and cancer. In ad- 
dition to its role in the extrinsic apoptotic pathway, 
caspase-8 plays nonapoptotic functions and is essential 
for T cell homeostasis. The pro-apoptotic BH3-only Bcl-2 
family member Bim is important for the intrinsic apop- 
totic pathway and its inactivation leads to autoimmunity 
that is further exacerbated by loss of function of the death 
receptor Fas. We report that inactivation of caspase-8 



in T cells of Bim~'~ mice restrained their autoimmunity 
and extended their life span. We show that, similar to 
caspase-8 ^ T cells, 8/m _/- T cells that also lack caspase-8 
displayed elevated levels of necroptosis and that inhibi- 
tion of this cell death process fully rescued the survival 
and proliferation of these cells. Collectively, our data 
demonstrate that inactivation of caspase-8 suppresses 
the survival and proliferative capacity of 8/m _/ ~ T cells 
and restrains autoimmunity in Bim~^~ mice. 



Introduction 

Apoptosis is essential for normal development and cellular ho- 
meostasis. It is a tightly controlled process that, in mammals and 
other vertebrates, can be activated through two distinct albeit 
ultimately converging pathways (Krammer et al., 2007). The 
extrinsic (also known as death receptor) apoptotic pathway is 
initiated by the interaction of death receptors with their ligands, 
as is the case for Fas (CD95) and its ligand FasL (CD95L). The 
binding of FasL to Fas results in the formation of the death- 
inducing signaling complex and the subsequent activation of 
caspase-8 (Strasser et al., 2009). FasL/Fas signaling is impor- 
tant for the deletion of peripheral autoreactive T cells. Similar 
to patients with the autoimmune lymphoproliferative syndrome 
(ALPS), which results from defective FasL/Fas signaling, mice 
with Fas mutations on MRL background display lymphadenop- 
athy, splenomegaly, accumulation of double-negative T cells 
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"T cell receptor (TCR) a(3 + B220 + CD4"CD8"" and the pro- 
duction of autoantibodies (Cohen and Eisenberg, 1991; Nagata 
and Suda, 1995; Bidere et al., 2006). However, compared with 
MRL background, Fas mutant mice on C57BL/6 background 
display reduced lymphoproliferation and delayed onset of auto- 
antibody production (Kelley and Roths, 1985). The intrinsic 
(also known as mitochondrial or Bcl-2-regulated) apoptotic 
pathway is controlled by the interplay of the pro- and anti- 
apoptotic members of the Bcl-2 protein family and can be trig- 
gered by developmental cues or a broad range of stimuli, includ- 
ing DNA damage, cytokine deprivation, or deregulated calcium 
flux (Youle and Strasser, 2008). Members of the Bcl-2 family 
include anti-apoptotic proteins, such as Bcl-2, Bcl-xL, Mcl-1, 
and Al, and pro-apoptotic proteins, such as Bax, Bak, and Bok, 
in addition to the BH3-only proteins Bim, Bik, Bid, Bad, Bmf, 
Hrk, Noxa, and Puma. Bcl-2 interacts with Bim and inhibits 
its pro-apoptotic functions (Youle and Strasser, 2008). Bim has 
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emerged as a major player for mediating negative selection of 
autoreactive thymocytes (Bouillet et al., 2002) and deleting pe- 
ripheral autoreactive T and B cells (Davey et al., 2002; Enders 
et al., 2003). Bim mice develop progressive lymphadenop- 
athy, splenomegaly, accumulate autoreactive lymphocytes, and 
autoantibodies; on a mixed C57BL/6 x 129SV background, 
they succumb to an autoimmune kidney disease resembling 
human systemic lupus erythematosus (Bouillet et al., 1999). 
On C57BL/6 background, Bim''' mice do not develop the auto- 
immune kidney disease (Hughes et al, 2008; Weant et al, 2008) 

Both the extrinsic and intrinsic apoptotic pathways have 
been proposed to be involved in the contraction phase of T cell 
immune responses and the elimination of autoreactive T cells, 
best demonstrated in studies of mice with dual germline inacti- 
vation of Bim and Fas. Compared with single mutant animals, 
mice doubly deficient for Fas and Bim develop accelerated 
lymphadenopathy, splenomegaly, and organ infiltration; ac- 
cumulate effector memory T cells (CD4 + CD44 + CD62L~); and 
exhibit higher levels of autoantibodies (Hughes et al., 2008; 
Hutcheson et al., 2008; Weant et al, 2008). These data dem- 
onstrate the cooperation of Fas and Bim in the shutdown of 
immune responses, maintaining peripheral tolerance, and pre- 
venting autoimmunity. 

Caspase-8, an aspartate-specific cysteine protease, is 
essential for mediating apoptosis in response to activation 
of death receptors, such as Fas (Wilson et al., 2009). In ad- 
dition to its role in apoptosis, caspase-8 also has important 
nonapoptotic functions, as it has been found to be critical for 
blood vessel formation during embryogenesis and mitogen- or 
antigen-induced proliferation of T and B cells (Chun et al., 
2002; Salmena et al., 2003; Kang et al., 2004; Su et al., 2005; 
Lemmers et al., 2007). The importance of caspase-8 in the 
immune system is further demonstrated by the immuno- 
deficiency associated with its homozygous mutation in the 
human ALPS-like syndrome (Chun et al., 2002). Patients with this 
syndrome display a combination of lymphadenopathy, spleno- 
megaly, and impaired lymphocyte activation. Similar to these 
patients, mice with specific deletion of caspase-8 in the 
T cell lineage (tcaspS''') are also immunodeficient, exhibiting 
impaired T cell homeostasis characterized by T cell lympho- 
penia, defective proliferation of T cells after stimulation with 
mitogens or antigens, and impaired responses to viral infec- 
tion (Salmena et al., 2003). tcasp8~'~ mice also develop an 
age-dependent (ultimately fatal) lymphoproliferative disorder 
but show no autoantibody production or autoimmune kidney 
disease (Salmena and Hakem, 2005). 

Through cleavage and consequent inhibition of the Re- 
ceptor Interacting Protein Kinase 1 (RIPK1) and RIPK3, two 
serine/threonine kinases important for the death receptor- 
induced necroptosis, caspase-8 has been shown to suppress this 
programmed necrotic cell death (Holler et al., 2000; Lu et al., 
2007; Rebe et al., 2007; Cho et al., 2009; He et al., 2009; Zhang 
et al., 2009; Vandenabeele et al., 2010). RIPK1 associates with 
death receptor-induced signaling complexes to modulate the 
switch between survival and death pathways (Holler et al., 
2000). Under conditions that suppress the death receptor apop- 
totic pathway, RIPK1 plays a role in the alternative necroptotic 



cell death pathway (Degterev et al., 2008; Hitomi et al., 2008). 
In the death receptor-induced necroptosis, RIPK3 interacts 
with RIPK1 and has been shown to mediate its phosphorylation 
in vitro, although the physiological significance of this phos- 
phorylation has not been determined (Cho et al., 2009; He et al., 
2009). RIPK3 can modulate the switch between TNF-induced 
apoptosis and necrosis, and is required for RIPK1 -mediated ne- 
crosis (Zhang et al., 2009). Pertinently, previous studies indi- 
cated that necrostatin- 1 (Nec-1), a specific inhibitor of RIPK1 
and necroptosis, rescues the proliferative defect of T cells lack- 
ing caspase-8 or Fas-associated death domain (Fadd; Bell et al., 
2008; Degterev et al., 2008; Osborn et al., 2010). Recent stud- 
ies demonstrated that Ripk3 deficiency rescues the embryonic 
lethality and defective T cell proliferation of casp8~'~ mice 
(Ch'en et al, 2011; Kaiser et al., 2011; Oberst et al., 2011), 
further supporting the importance of caspase-8 in the regulation 
of necroptosis. 

In the present study, we generated, on a mixed C57BL/6 x 
129/J background, Bim~'~ mice that lack caspase-8 only in their 
T cell lineage (Lck-Crccaspase-S^^im - ^ mice are referred 
to here as tcasp8~'~ Bim~'~ mice) and have investigated the 
interplay of caspase-8 and Bim in cell death, T cell homeosta- 
sis, lymphoproliferation, and autoimmune disease resembling 
human systemic lupus erythematosus. As expected, T cells from 
such double mutant mice showed resistance to apoptotic stimuli 
that trigger either the extrinsic or intrinsic apoptotic pathways. 
Remarkably, the tcasp8~'~ Bim~'~ mice had reduced numbers of 
effector memory T cells compared with single mutant animals, 
and the impaired TCR-induced activation of T cells deficient 
for caspase-8 was not rescued by the concomitant loss of Bim. 
Elevated levels of necroptosis were observed in both tcasp8~'~ 
and tcasp8~'~Bim~'~ T cells, and inhibition of necroptosis by 
Nec-1 was sufficient to fully rescue in vitro proliferation of these 
T cells. In contrast to Fas~'~ Bim~'~ mice, tcasp8~'~Bim~'~ mice 
exhibited considerably less severe organ infiltration and kidney 
disease compared with single mutant mice, and serum levels of 
immunoglobulins and antinuclear autoantibodies (ANAs) were 
reduced in tcasp8~'~ Bim~'~ mice to levels comparable to their 
wild-type (WT) littermates. Remarkably, unlike the severely 
shortened lifespan of Fas'^BimT' - mice (Hughes et al., 2008), 
deletion of caspase-8 in the T cells of Bim~ l_ mice prolonged 
survival of Bim-deficient mice. Collectively, our results dem- 
onstrate the crucial role that caspase-8 plays in maintaining 
homeostasis of T cells, including autoreactive T cells that may 
escape thymic negative selection in the absence of Bim, and 
highlights the consequences of caspase-8 inactivation in in- 
ducing necroptosis of Bim~'~ T cells and in suppressing auto- 
immunity caused by Bim deficiency. 

Results 

Loss of caspase-8 function does not: affect 
the development of Bim-deficient T cells in 
the thymus 

Although caspase-8 is dispensable for intrathymic T cell devel- 
opment (Salmena et al., 2003), Bim is essential for the deletion of 
autoreactive thymocytes (Bouillet et al., 2002). To investigate 
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Figure 1 . Additional loss of caspase-8 does 
not rescue impaired intrathymic T cell develop- 
ment in Bim-deficient mice. (A) Representative 
flow cytometric analysis of thymocytes from 
tcasp8^ / ^Bim^ / ^ and control (WT, tcasp8^^ , 
and Bim~^~) mice (left). Numbers in the quad- 
rants indicate the percentages of the different 
thymocyte subpopulations. Histograms show 
the mean percentages of thymocyte subpopu- 
lations from 10 young mice of each genotype 
(right). (B) Representative expression levels of 
TCR-(3 on thymocytes of the mice indicated 
in A are shown (left). Histograms show the 
mean percentages of thymocytes with high 
TCR-(3 expression levels from 1 0 young mice 
for each genotype (right). Data represent the 
mean ± SEM (error bars). *, P < 0.05 as com- 
pared with WT; •, P < 0.05 as compared 
with the tcasp8^^. 
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the effects of combined inactivation of caspase-8 and Bim, we 
generated tcasp8~ / ~Bim~ , ~ mice that harbor homozygous germ- 
line mutations of Bim and deficiency of caspase-8 restricted to 
T cell lineage. All mice examined were on C57BL/6 x 129/J 
mixed genetic background, as on a mixed background, Bim~'~ 
mice develop autoimmunity (Bouillet et al., 1999). We exam- 
ined intrathymic T cell development in both young (6-8 wk old) 
and old (>6 mo) tcasp8 _/ ~ Bim~'~ mice and their controls. 
Total thymocyte numbers of tcasp8~ l ~Bim~'~ mice were compa- 
rable to tcasp8~'~ ', Bim~'~ , and WT mice at both ages (Fig. SI, 
A and B). FACS analysis demonstrated that there are no signifi- 
cant differences in the percentages (and numbers) of the four 
major thymocyte subpopulations (CD4"CD8", CD4 + CD8 + , 
CD4 + CD8", and CD4"CD8 + ) between tcasp8~'~ mice and their 
WT littermates at all ages, whereas, as reported (Bouillet et al., 
1999), a significantly decreased proportion of the immature 
CD4 + CD8 + and increased representation of CD4"CD8", as well 
as the mature CD4 + CD8" and CD4"CD8 + thymocytes, were 
observed in Bim -1 ' mice compared with WT controls (Figs. 1 A 
and SI C). Similar to the Bim~'~ mice, tcasp8~'~Bim~ / ~ mice 
contained reduced numbers of CD4 + CD8 + thymocytes, whereas 
the numbers of CD4"CD8" as well as the mature CD4 + CD8" 
and CD4~CD8 + thymocytes were increased to a similar extent 



as in Bim~'~ mice (Figs. 1 A and SI C). Consistent with the 
increased representation of mature T cells in thymi from Bim~'~ 
and tcasp8~'~ BinT 1 ' mice, the proportions and numbers of 
thymocytes expressing high levels of TCR-p were increased 
in Bim~'~ and tcasp8~'~Bim~ , ~ mice compared with tcasp8~'~ 
and WT controls (Figs. 1 B and SID). These data indicate that 
caspase-8 deficiency does not further perturb intrathymic T cell 
development in Bim-deficient mice. 

Combined loss of caspase-8 and Bim 
renders cells resistant: to both the 
extrinsic and intrinsic apoptotic pathways 

To investigate the effects of combined inactivation of 
caspase-8 and Bim on apoptosis, we examined the responses 
of tcasp8~'~ Bim~'~ , tcasp8~'~ ', Bim~'~ ', and WT thymocytes 
as well as activated peripheral T cells to a range of cytotoxic 
stimuli that trigger either the extrinsic or intrinsic apoptotic 
pathway. Previous studies demonstrated the resistance of 
tcasp8~'~ thymocytes and activated T cells to Fas-mediated 
killing, whereas Bim~'~ thymocytes and activated T cells re- 
main normally sensitive to this apoptotic stimulus (Bouillet 
et al., 1999; Salmena et al., 2003). Examination of apoptosis 
demonstrated that tcasp8~'~ and tcasp8~'~Bim~'~ thymocytes 
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Figure 2. Combined loss of caspase-8 and 
Bim causes additive but not synergistic re- 
sistance to apoptotic stimuli. Apoptotic re- 
sponses of thymocytes (A-E] and activated 
T cells (F-J] lacking caspase-8, Bim, or both are 
shown. Thymocytes or activated T cells from 
tcaspB-'-Bim-/-, Icasp8~ / ~ l BiirT^ , and WT 
littermates were challenged in culture with anti- 
Fas antibody (A and F], anti-CD3 antibody 
(B and G), dexamethasone (C and H), or ion- 
izing radiation (D and I), and the extent of cell 
survival was assessed 24 h later. (E and J) Thy- 
mocyte and activated T cell survival in simple 
medium (termed death by neglect or growth 
factor deprivation-induced death) were also 
examined. Data represent the mean ± SEM 
(error bars) of 3-5 young mice for each geno- 
type. Asterisks indicate significant differences 
compared with WT thymocytes or activated 
T cells (P < 0.05). 
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and activated T cells were highly resistant to Fas-mediated 
killing (Figs. 2, A and F). The effects of combined inactiva- 
tion of caspase-8 and Bim on thymocyte and activated T cell 
apoptosis in response to growth factor withdrawal, DNA dam- 
age, or treatment with dexamethasone were also assessed, as 
resistance to these apoptotic stimuli has been associated with 
loss of Bim (Bouillet et al., 1999) but not with loss of caspase-8 
(Salmena et al., 2003). Bim is also critical for the deletion of 
autoreactive thymocytes and TCR/CD3 cross-linking-induced 
thymocyte apoptosis (Bouillet et al., 2002). Contrasting with 
tcaspS - '' thymocytes, tcasp8~'~ Bim thymocytes exhibited 
similar resistance as Bim'' - thymocytes to anti-CD3 antibody 
treatment, dexamethasone, and ionizing radiation as well as 
growth factor deprivation (Fig. 2, B-E and G-J). 



Collectively, these data show that combined loss of 
caspase-8 and Bim provides thymocytes and activated T cells 
with additive but no additional protection from apoptotic stim- 
uli. Consequently, defects in deletion of autoreactive T lym- 
phoid cells in both the thymus and peripheral lymphoid cells 
existed in tcasp8~ / ~Bim~ / ~ mice. 

Consequences of combined loss of caspase-8 
and Bim on peripheral T cell homeostasis 

Caspase-8 and Bim are both important for maintaining periph- 
eral T cell homeostasis (Bouillet et al., 1999; Salmena et al., 
2003; Krammer et al., 2007). Examination of young mice re- 
vealed a similar extent of splenomegaly and lymphadenopathy 
in tcasp8~ y ~ Bim'^ and Bim~'~ mice, whereas tcaspS~'~ mice 
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Figure 3. Effect of T cell specific loss of caspase-8 on splenomegaly and lymphocyte hyperplasia in Bim _/ ~ mice. Representative spleens from 
tcasp8~'~Bim~'~ , tcasp8~'~ , BirrT^ , and WT young (A] and old (D] mice. Total numbers of Thy 1 .2 + B220~ T cells and Thyl .2~B220 + B cells in spleens 
from tcasp8~'~Bim~'~ , tcasp8~'~, Bim~'~, and WT young (B) and old (E) mice. Absolute numbers of effector memory T cells (CD4 + CD44 + CD62L~] in 
spleens of tcasp8^^ Bim~'~ , tcasp8^^, Bim~'~, and WT young (C) and old (F) mice. The values represent the mean ± SEM (error bars) of 1 0 mice for each 
genotype and age, and were compared by ANOVA testing. Young mice were 6-8 wk of age, and old mice were >6 mo of age. *, P < 0.05 compared 
with WT mice; •, P < 0.05 compared with tcasp8^^ mice; A, P < 0.05 compared with Bim~^~ mice. Bars, 1 cm. 



had normal spleen and lymph node (LN) cellularity (Fig. 3, 
A and B; and Fig. S2, A and B). Splenomegaly of young 
tcaspS'^ Bim~ y ~ mice was mainly associated with accumula- 
tion of B cells, whereas their lymphadenopathy was associated 
with an increased number of both T and B cell populations 
(Figs. 3 B and S2 B). 

With advanced age, splenomegaly was observed not only in 
tcaspS~'~Bim~ , ~ and Bim~'~ but also in tcaspS~'~ mice (Figs. 3, 
D and E). T cell numbers were similarly elevated in spleens of 
old Bim~'~ and tcaspS~'~Bim~'~ mice, but splenic B cell numbers 
were significantly higher in tcasp8~ , ~Bim~'~ mice compared with 
tcaspS~'~ or Bim~'~ mice. Curiously, old tcaspS~ , ~Bim~'~ mice 
exhibited less lymphadenopathy (comparable to that of Bim~'~ 
mice) than tcasp8~'~ mice, and this was associated with a signifi- 
cant reduction in the numbers of T and B cells (Fig. S2, E and F). 



Although the CD8 + T cell population was abnormally re- 
duced in spleens and LNs of young tcasp&~'~ mice, additional 
loss of Bim rescued this population and resulted in its accumu- 
lation in both spleen and LN (Fig. S2 D). The numbers of CD8 + 
T cells also increased in the spleens of old tcasp&~'~Bim~'~ 
mice compared with tcaspS~'~ littermates (Fig. S2 H). How- 
ever, in accordance with their milder lymphadenopathy, old 
tcasp8~ l ~Bim~'~ mice contained significantly reduced numbers 
of CD4 + and CD8 + T cells compared with tcasp8~'~ mice. Ex- 
amination of the CD4 + effector memory (CD44 + CD62L") cells 
indicated that their numbers were reduced in spleens and LN of 
old tcasp&~'~Bim~ , ~ mice compared with Bim~'~ littermates 
(Fig. 3, C and F; and Fig. S2, C and G). 

Collectively, these results indicate that T cell-specific in- 
activation of caspase-8 in old BimT 1- mice does not exacerbate 
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Figure 4. Casapse-8 loss in Bi'm _/ ~ T cells perturbs their pattern of cytokine production. (A) Gene expression levels of IL-2, IFN-y, IL-4, and TNF in 
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their splenomegaly, but instead reduces their lymphadenopathy 
and their numbers of CD4 + effector memory T cells in spleens 
andLN. 

Inactivation of caspase-8 and Bim impairs 
T cell cytokine production 

CD4 + T cells play important roles in humoral and cellular 
immune responses, and are also involved in autoimmunity 
(Zhu et al., 2010). The most prominent subsets of CD4 + 
T cells are T helper (Th) cells Thl, Th2, and Thl7 and regu- 
latory T cells (Treg), as defined by their patterns of cytokine 
production and functions (Zhu et al., 2010). Cytokines play 
important roles in the immune system and are critical for 
inflammation, hematopoietic cell growth, and homeostasis 
(O'Shea et al., 2002; Kunz and Ibrahim, 2009; O'Shea and 
Paul, 2010). T cell cytokine production patterns can affect lym- 
phocyte homeostasis and the development of autoimmunity 
(Feldmann, 2008; O'Shea and Paul, 2010). As the effector 
memory T cells were abnormally increased in old tcasp8~'~ 
Bim~ y ~, tcasp8~'~ , and Bim''' mice compared with WT 
littermates, and as tcasp8~'~ mice develop a lymphoprolif- 
erative disorder and Bim -1 ' mice develop systemic auto- 
immune disease (Bouillet et al., 1999; Salmena and Hakem, 
2005), we examined the profile of cytokine production in 
tcasp8~'~ Bim~'~ mice and their littermate controls at the 
mRNA level and at the single cell level. First, we assessed the 
pattern of cytokine production in peripheral T cells and Treg 
(CD4 + CD25 + FoxP3 + ). As previously described (Ludwinski 
et al., 2009), the expression levels of interleukin 2 (IL-2), 
1L-6, IFN-y, and IL-4 genes were reduced in T cells from 
Bim~ y ~ mice compared with WT littermates (Figs. 4 A and 
S3 A). The levels of IL-2 mRNA and intracellular cyto- 
kines were comparable between tcasp8~'~ and WT activated 
T cells (Fig. 4, A and B). In contrast, activated tcasp8~'~ 
T cells displayed abnormally increased levels of IFN-y and 
IL-6 mRNA, whereas expression of IL-4 mRNA was de- 
creased compared with WT controls (Figs. 4 A and S3 A). 
When cytokine mRNA levels were examined in anti-CD3/ 
anti-CD28 antibody-stimulated tcasp8~'~Bim~'~ T cells, 
IL-2, IL-6, and IL-I7A expression were found to be simi- 
lar to those of Bim - '' T cells, whereas increased levels of 
IFN-y and decreased levels of IL-4 and TNF were observed 
compared with Bim''' control T cells (Fig. 4, A and B; and 
Fig. S3 A). Examination of Treg in spleens and LN of young 
mice indicated no difference in their ratio in tcaspS'^Bim''' 
mice compared with single mutant animals and WT litter- 
mates (Fig. S3 B). 

We also examined the status of nuclear factor kB (NF-kB) 
activation in T cells from the four genotypes, as caspase-8 
deficiency has been reported to lead to defective NF-kB nu- 
clear translocation and impairment of its early signaling 



(Su et al., 2005). We analyzed degradation of IkBck and nuclear 
translocation of the p65/RelA subunit of the NF-kB complex in 
untreated as well as anti-CD3/anti-CD28 antibody-stimulated 
T cells. No differences were observed in the phosphorylation 
or degradation levels of IkB(x between tcasp8~'~ Bim~ y ~ , 
tcasp8~'~ ', Bim' 1 ' ', and WT T cells either left unstimulated or 
15 and 60 min after stimulation (Fig. S3 C). As previously re- 
ported (Su et al., 2005), impaired early nuclear translocation of 
NF-kB p65/RelA was observed in tcasp8~'~ T cells compared 
with WT controls. However, no differences in NF-kB p65/RelA 
nuclear translocation were observed between TCR stimulated 
tcasp8~'~Bim~'~ ', B\rri~ , ~, or WT T cells. 

Next, we focused on the pattern of Thl and Th2 cytokine 
production in CD4 + T cells because IL-17A mRNA levels and 
the proportion of peripheral Treg were similar in mutant mice. 
The production of the Th2 cytokines IL-4 and IL-10 was in- 
creased in tcasp8~'~ and Bim~'~ CD4 + T cells compared with 
WT controls, whereas the expression of the Thl cytokine IFN-7 
was reduced in tcasp8~'~ CD4 + T cells but was normal in Bim- 
deficient CD4 + T cells (Fig. 4, C and D; and Fig. S3 D). Re- 
markably, the productions of IFN-7 under Thl culture conditions 
and the levels of IL-4 and IL-10 under Th2 culture conditions 
were increased in tcasp8~'~ Bim~'~ CD4 + T cells compared with 
single mutant or WT T cells (Fig. 4, C and D). These results in- 
dicate that impaired T cell homeostasis caused by combined 
loss of caspase-8 and Bim is accompanied by deregulated cyto- 
kine production by T cells. 

Bim inactivation does not 
rescue proliferative defects of 
caspase-8-deficient T cells 

Loss of caspase-8 or its adaptor Fadd impairs proliferation of 
T cells in response to antigen or mitogen stimulation (Newton 
et al., 1998; Zhang et al., 1998; Salmena et al., 2003). Because 
loss of caspase-8 also increases the death of T cells (Salmena 
et al., 2003) and loss of Bim inhibits T cell apoptosis (Bouillet 
et al., 1999), we investigated whether loss of Bim could rescue 
the proliferative defects of tcasp8~'~ T cells. In response to 
anti-CD3 antibody alone or together with anti-CD28 antibody 
or exogenous IL-2, purified tcasp8~'~Bim~ , ~ T cells, similar to 
tcasp8~'~ T cells, displayed decreased levels of [ 3 H]thymidine 
incorporation compared with Bim~'~ and WT T cells (Fig. 5 A). 
As previously reported (Salmena et al., 2003), sub-Gl popu- 
lation increased in anti-CD3/anti-CD28-stimulated tcasp8~'~ 
T cells compared with WT controls, which indicates increased 
cell death of T cells deficient for caspase-8 (Fig. S4 A). Sub-G 1 
population was also increased in anti-CD3/anti-CD28-stimulated 
tcasp8~'~Bim~'~ T cells compared with WT and Bim~'~ con- 
trols (Fig. S4 A). These results demonstrate that loss of Bim is 
not sufficient to rescue T cell proliferative defects associated 
with caspase-8 deficiency. 



analysis of the intracellular levels of IFN-7, IL-4, and IL-10 in CD4 + T cells under Thl - or Th2-specific culture conditions. (C) The ovals indicate IFN--y + 
(top) and IL-4* cells (bottom). (D) The ovals indicate IL-10 + cells. *, P < 0.05 compared with WT control; •, P < 0.05 compared with tcasp8~^~ control; 
A, P < 0.05 compared with 8/m _/, ~ control. Data are derived from three independent experiments of young mice for each genotype. Histograms represent 
the mean ± SEM (error bars). 
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Figure 5. Impaired proliferation and increased necroptosis in tcasp8~ / ~Bim~''~ T cells. (A) [ 3 H] thymidine incorporation of purified T cells from mice of the 
indicated genotypes after 24, 48, or 72 h of stimulation with anti-CD3 antibody with or without costimulation with anti-CD28 antibody or IL-2. Representa- 
tive data are shown from three independent experiments of young mice. (B) Representative TEM images of T cells activated for 24 h with anti-CD3/anti- 
CD28 antibody, showing increased frequency of necroptotic cells in cultures of anti-CD3/anti-CD28 antibody stimulated tcasp8^^ and fcaspS _/_ 6/'m _/_ 
T cells. Bar, 10 pm. (C) The percentages of necroptotic primary and anti-CD3 antibody-activated T cells identified by electron microscopy. 125-209 
untreated or activated T cells were scored for each genotype. *, P < 0.05 compared with WT and Bim~^~ control mice. (D) Representative immunoblots 
of the levels of LC3-I and LC3-II in freshly isolated T cells (0 h) and T cells cultured for 24 h in the absence or presence of anti-CD3/anti-CD28 antibody. 
(E) FACS analysis of CFSE dilution profiles. Proliferation of CFSE-labeled T cells was examined after a 3-d activation with anti-CD3/anti-CD28 antibodies 
with or without lOuM Necl. Histograms represent the mean ± SEM (error bars). 



Inhibition of necroptosis 
rescues proliferative defects of 
tcaspB Bim ' T cells 

In situations where apoptosis is inhibited (e.g., inactivation of 
Fadd or caspase-8), stimulation of death receptors, such as Fas, 
TNF-R, and TRAIL-R, triggers necroptosis, an alternative cell 
death process (Holler et al., 2000; Vandenabeele et al., 2010). 



A genome-wide siRNA screen for genes that regulate 
necroptosis indentified 432 genes involved in this programmed 
necrotic death process (Degterev et al., 2008). Seven of the 
identified important genes for necroptosis have been previously 
known for their roles in apoptosis and include Bmf, a BH3-only 
Bcl-2 family member. The serine/threonine kinases RIPK1 and 
RTPK3 are critical for necroptosis, and their function is controlled 
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by caspase-8. Although activated caspase-8 triggers apoptosis 
by processing downstream effector caspases, such as caspases-3 
and -7, and the BH3-only protein Bid, it also suppresses 
necroptosis by cleaving and inhibiting RIPK1 and RIPK3 
(Vandenabeele et al., 2010). 

To examine the type of cell death that takes place in 
T cells lacking caspase-8 alone or in combination with Bim, 
we used transmission EM (TEM). In contrast to primary 
T cells from WT or Bim - ' - mice, tcasp8~'~ T cells displayed 
increased numbers of necroptotic cells, as manifested by the 
swelling of the cell, mitochondria and cytoplasmic organelles, 
focal rupture of the plasma membrane, and moderate chro- 
matin condensation (Figs. 5, B and C). Similar to tcasp8~'~ 
T cells, the level of necroptosis was also significantly elevated 
in primary tcasp8~'~Bim~'~ T cells (Fig. 5 C). Moreover, the 
frequency of tcasp8~'~ and tcasp8~'~ Bim T cells under- 
going necroptosis was further increased after stimulation 
with anti-CD3/anti-CD28 antibodies. Consistent with our TEM 
data indicating no significantly increased apoptosis in anti- 
CD3/anti-CD28-stimulated tcasp8~'~ and tcasp&~'~Bim~ , ~ 
T cells, the level of caspase activities was not increased in 
these T cells compared with WT controls (Figs. 5, B and C; 
and Fig. S4 B). 

Autophagy is a catabolic process important for the lyso- 
somes mediated degradation and turnover of long-lived pro- 
teins and organelles (Klionsky and Emr, 2000; Gozuacik and 
Kimchi, 2004). Because autophagy is induced in a number of 
necroptotic systems (Degterev et al., 2005), we investigated the 
levels of microtubule-associated protein 1 light chain 3 (LC3-II), 
a marker for autophagy, in peripheral T cells. Western blot 
analysis indicated increased LC3-II levels in untreated and 
stimulated T cells from tcasp8~'~ and tcasp8~ / ~Bim~ / ~ mice 
compared with Bim~'~ and WT controls (Fig. 5 D). 

Next, we examined whether necroptosis of tcasp8~'~ and 
tcasp8~'~ Bim~'~ T cells accounts for their defective responses 
to mitogenic stimulation and increased cell death. Purified 
T cells from the four genotypes were labeled with carboxy- 
fluorescein diacetate succinimidyl ester (CFSE) and stimulated 
with anti-CD3/anti-CD28 antibodies in the presence or absence 
of the necroptosis inhibitor Nec-1 (Degterev et al., 2008). 
Although FACS analysis of CFSE dilution profiles confirmed 
the previously described (Degterev et al., 2008) proliferation de- 
fects of tcasp8~'~ T cells, the addition of Nec-1 rescued mitogen- 
induced proliferation of tcasp8~'~ T cells. Similarly, Nec-1 also 
rescued anti-CD3/anti-CD28 antibody-induced proliferation 
of tcasp8~'~ Bim~'~ T cells to a level similar to WT and Bim~'~ 
T cells (Fig. 5 E). 

Because TNF-like cytokines are potent inducers of 
necroptosis, we examined the serum levels of TNF in the four 
genotypes. No detectable level of serum TNF was observed in 
the different strains of mice (Fig. S4 C). Expression levels of 
TNF-receptor 1 on peripheral T cells were also similar between 
mutants and WT controls (Fig. S4 D). 

RIPK1 and RIPK3 interaction is important during 
TNF-receptor 1-induced necroptosis (Cho et al., 2009; Declercq 
et al., 2009; He et al., 2009; Zhang et al, 2009). As necroptosis 
is elevated in anti-CD3/CD28-stimulated T cells deficient 



for caspase-8, we investigated whether RIPK1 and RIPK3 
interact in response to TCR stimulation of T cells from the four 
genotypes (Fig. S4 E). Immunoprecipitation of RIPK3 from 
anti-CD3/CD28-stimulated T cells from these mice failed to 
pull down RIPK1. These data are similar to the reported lack of 
interaction of RIPK1 and RIPK3 in anti-CD3/CD28 stimu- 
lated T cells deficient for Fadd (Osborn et al., 2010). 

Collectively, these data indicate that the elevated necrop- 
tosis in tcasp8~'~ T cells is not rescued by Bim inactivation. 
Furthermore, although defective proliferation of tcasp8~'~ 
T cells was not rescued by loss of Bim, inhibition of necrop- 
tosis fully restored the proliferative defect of both tcasp8~'~ 
and tcasp8~'~ Bim~'~ T cells. Thus, necroptosis is the major 
cause for the impaired survival and proliferation of caspase-8- 
deficient T cells. 

T cell-specific inactivation of caspase-S 
diminishes autoimmunity in Bim ' mice 
and increases their lifespan 

Homozygous mutations of the human CASPASE-8 gene cause 
the ALPS-like syndrome (Chun et al., 2002). Accordingly, 
tcasp8~'~ mice develop an age-dependent lymphocyte infiltra- 
tion of multiple organs, with lung infiltration being the likely 
cause of their premature death (Salmena and Hakem, 2005). In 
addition, Bim~'~ mice on a C57BL/6 x 129SV genetic back- 
ground develop progressive lymphadenopathy, splenomegaly, 
and fatal lupus-like autoimmune kidney disease (Bouillet 
et al., 1999). 

To determine the effect of combined loss of both caspase-8 
and Bim on the immunopathology associated with their indi- 
vidual inactivation, the levels of immunoglobulins, and ANA 
in sera from the old mice were examined using ELISA. In 
contrast to old Bim~'~ mice, age-matched tcasp8~'~ Bim~'~ 
littermates exhibited significantly decreased serum levels of 
ANA, and their overall levels of IgM, IgGl, IgG2a, and 
IgG3 were also reduced to the levels found in WT littermates 
(Figs. 6, A and B). 

We also examined hematoxylin and eosin (HE)-stained 
sections of spleens, LN, lungs, livers, and kidneys from 13-mo-old 
tcaspS'^BinT' - mice and their control littermates. As previ- 
ously reported (Bouillet et al., 1999), kidneys from Bim~'~ 
mice presented with abnormally increased glomerular size and 
mesangial area, loss of open capillary loops, and accumulation 
of immune complexes compared with age-matched tcasp8~'~ 
and WT controls (Fig. 7 A). Remarkably, this pathology caused 
by Bim deficiency was substantially diminished by concomi- 
tant loss of caspase-8 (in tcaspS'^Bim'^ mice, Fig. 7 A). 
Further histological examination of tcasp8~'~ Bim~'~ mice 
indicated that infiltration of T and B cells into nonlymphoid 
organs was significantly reduced compared with both tcasp8~'~ 
and Bim~'~ mice (Figs. 7 A and S5 A). In addition, in con- 
trast to Bim~'~ mice, aged tcasp8~'~ Bim~'~ mice showed no 
glomerulonephritis, and their glomerular cell numbers were 
significantly reduced and indeed comparable to those of WT 
controls (Figs. 7 A and S5, A and B). Autoimmune glomerulo- 
nephritis in Bim~'~ mice is accompanied by the accumulation 
of immune complexes in the kidneys (Bouillet et al., 1999). 
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Figure 6. Loss of caspase-8 in T cells sup- 
presses the hypergammaglobulinemia caused 
by loss of Bim. (A) Levels of IgM, IgG 1 , lgG2a, 
lgG2b, and lgG3 in sera of 6 mo or older WT, 
Bim~^~, tcasp8~/~, and tcasp8~^~ Bim~^~ mice 
(n = 1 8-30) . (B) Levels of ANA in sera of 6 mo 
or older tcasp8~/~Bim~/~ , tcasp8^^ , Bim~'~, 
and WT mice. Solid horizontal lines represent 
the mean for each genotype. *, P < 0.05 com- 
pared with WT mice; •, P < 0.05 compared 
with tcasp8^^ mice; A, P < 0.05 compared 
with Bim~'~ mice. 
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Anti-IgG staining of kidney sections indicated that the deposi- 
tion of immune complexes in kidneys from tcasp8~ / ~ Bim~ / ~ 
mice was markedly reduced compared with kidneys from aged 
Bim~ / ~ mice (Fig. 7 A). 

To examine the impact of tcaspS and Bim mutations, by 
themselves or in combination, on animal lifespan, we moni- 
tored cohorts of the four genotypes for 500 d. In accordance 
with their moderate organ infiltration by lymphocytes, absence 
of glomerulonephritis, relatively low serum levels of ANA 
and total immunoglobulins, the lifespan of tcasp8~'~Bim~'~ 
mice was significantly extended compared with tcasp8~'~ and 
Bim~'~ mice and was indeed similar to that of WT littermates 
(Fig. 7 B). Collectively, these results demonstrate that specific 
loss of caspase-8 in T cells is sufficient to restrain auto- 
immunity in Bim''' mice. Despite the fact that Bim deficiency 
impairs negative selection of autoreactive thymocytes, the 
function and potency of tcaspS'^Bim'^ peripheral T cells 



is likely restrained by their elevated level of necroptosis that 
results from loss of caspase-8 (Fig. 7 C). In addition, the in- 
filtration of T and B cells into nonlymphoid organs that is ap- 
parent in both Bim~'~ and tcasp8~'~ mice was suppressed in 
tcasp8~'~ Bim~'~ mice. The restraining of these immune dis- 
orders in tcasp8~ / ~ Bim _/ ~ mice increased their lifespan. 

Discussion 

Deregulation of T cell homeostasis can lead to various immuno- 
pathologies, including immunodeficiency and autoimmu- 
nity (Theofilopoulos et al., 2001; Ohashi, 2002; Marleau and 
Sarvetnick, 2005). Similarly, impaired apoptosis contributes 
to the pathogenesis of these diseases and also tumorigenesis 
(Siegel, 2006; Bouillet and O'Reilly, 2009). Apoptosis is im- 
portant for maintaining T cell homeostasis, and the intrinsic 
apoptotic pathway is crucial for the deletion of autoreactive 
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Figure 7. T cell-specific loss of caspase-8 inhibits the development of autoimmune disease in Bim _/ ~ mice and increases their lifespan. (A) Representative immuno- 
histochemical staining of lungs (left] and kidneys (right) from 1 3-mo-old mice of the indicated genotypes using HE, anti-CD3 antibody (red], and anti-B220 
antibody (brown). Kidney sections were also stained with anti-IgG antibodies to assess the deposition of immune complexes (right). Bars, 1 00 urn. (B) Kaplan- 
Meier analysis representing the percent survival versus age in days of cohorts of WT (n = 15), tcasp8^^ (n = 25), Bim~^~ (n = 20], and tcasp8^^ Bim~^~ 
(n = 20) mice. The survival of tcaspS^^Bim^^ mice was significantly extended compared with tcasp8^^ and Bim~^~ mice (P < 0.05). (C) A model for 
the restrained autoimmunity of teasp8 _/_ 6/'m _/_ mice compared with Bim~^~ littermates. Autoreactive T cells that escape negative selection in Bim~^~ mice 
expand and mediate autoimmunity. Caspase-8-deficient BirrT'~ T cells that escape negative selection in tcaspS^^Bim^^ mice display elevated levels of 
necroptosis and impaired proliferation, and these defects lead to restrained autoimmunity and prolonged survival of teasp8 _/_ 8/m _/_ mice. 



thymocytes that express TCR with high avidity for self- 
peptide major histocompatibility complexes (Sebzda et al., 
1999; Bouillet and O'Reilly, 2009). The loss of caspase-8, 
a key component of the extrinsic apoptotic pathway, has no 
effect on T cell development in the thymus, including negative 
selection of autoreactive thymocytes, but does result in impaired 
homeostasis of peripheral T and B cells and abnormally reduced 
T cell activation; paradoxically, these defects ultimately lead 



to a lethal lymphoproliferative disorder (Salmena et al., 2003; 
Salmena and Hakem, 2005). Studies of Bim~'~ mice indicated 
the essential role of Bim in the intrinsic apoptotic pathway and 
demonstrated its requirement for deletion of autoreactive thy- 
mocyte and for maintaining homeostasis of the lymphoid and 
myeloid compartments (Bouillet et al., 1999; Bouillet et al., 
2002; Davey et al., 2002; Enders et al., 2003). Furthermore, 
Bim-deficient mice on a mixed C57BL/6 x 129SV genetic 
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background produce autoantibodies and develop lupus-like 
kidney disease. 

Recent studies indicated that combined loss of Fas and Bim 
accelerates splenomegaly and lymphadenopathy, and promotes 
immune cell infiltration and autoimmune disease (Hughes et al., 
2008; Hutcheson et al, 2008; Weant et al., 2008; Bouillet and 
O'Reilly, 2009). Fa^ rnvr Bim~'~ mice develop a lupus-like syn- 
drome with severe kidney pathologies and die prematurely, 
much earlier than either of the singly deficient mice (or WT 
mice). Fas-mediated apoptosis is caspase-8 dependent. How- 
ever, caspase-8 is also essential for apoptosis mediated by other 
members of the TNF receptor family (Wilson et al., 2009). Be- 
cause loss of caspase-8 renders lymphocytes resistant to more 
apoptotic stimuli than loss of Fas, one may have predicted to 
see greater defects in tcasp8~ l ~Bim~'~ mice compared with 
Fas p pT Bim~ mice. However, in addition to its requirement 
for apoptosis, caspase-8 also has critical nonapoptotic functions, 
such as in early embryogenesis as well as in the activation of 
T cells, B cells, and macrophages (Chun et al., 2002; Salmena 
et al., 2003; Kang et al., 2004; Su et al., 2005; Lemmers et al., 
2007; Maelfait and Beyaert, 2008). 

Because loss of caspase-8 blocks Fas-mediated apopto- 
sis and because Fas collaborates with Bim to suppress auto- 
immunity, we examined the consequences of loss of caspase-8 in 
T cells on intrathymic T cell development, T cell homeostasis, and 
autoimmunity of Bim''' mice. Our data show that caspase-8 
loss does not affect the developmental abnormalities of Bim~'~ 
thymocytes (increased numbers of mature CD4 + CD8~ and 
CD4"CD8 + cells and decreased numbers of CD4 + CD8 + cells) 
in Bim~'~ thymocytes. In addition, thymocytes lacking both 
caspase-8 and Bim, similar to Bim~'~ thymocytes, were highly 
resistant to TCR/CD3 activation-induced apoptosis. These double 
mutant thymocytes were also resistant to all tested cytotoxic stim- 
uli that trigger the extrinsic or the intrinsic apoptotic pathways; 
however, no synergistic resistance was observed in these cells 
compared with single mutants. 

Although tcasp8~'~Bim~ / ~ mice of all ages displayed 
splenomegaly with abnormal accumulation of T and B cells, 
the lymphadenopathy observed in young tcasp8~'~ Bim~'~ mice 
did not increase (and was even somewhat reduced) as they 
aged when compared with tcasp8~'~ littermates. This remark- 
able amelioration of the lymphadenopathy in old Bim~'~ mice 
by the additional loss of caspase-8 in their T cells completely 
contrasts with the massively enhanced lymphadenopathy of 
Pas^p'Binr' - mice (compared with Bim~'~ mice; Hughes et al., 
2008; Hutcheson et al., 2008; Weant et al., 2008). In addition, 
loss of caspase-8 in T cells of Bim'^ mice was sufficient 
to reduce T and B cell infiltration into nonlymphoid organs and 
suppressed hypergammaglobulinemia and ANA production 
associated with Bim deficiency. These data demonstrate the 
opposite effects of the loss of caspase-8 versus loss of Fas on 
autoimmunity caused by Bim deficiency. 

Cytokines play critical roles in the pathogenesis of many 
diseases, including autoimmune pathologies (O'Shea et al., 
2002). For example, IL-10 is critical to prevent inflammation 
and autoimmune colitis, and 1FN-7 can either augment or suppress 
inflammation and autoimmunity, depending on the experimental 



setting (Hu and Ivashkiv, 2009; Saraiva and O'Garra, 2010). 
Cytokines are produced by different cell types, including CD4 + 
T cells that play a central role in autoimmunity (O'Shea and 
Paul, 2010). Various functionally distinct subsets of CD4 + 
T cells exist, including Thl, Th2, and Thl7, and these subsets 
secrete distinct sets of cytokine (O'Shea and Paul, 2010). In- 
hibition of caspases in stimulated CD4 + T cells increases their 
IL-4 production (Sehra et al., 2005), whereas inactivation of 
Bim in these cells reduces their production of IL-2, IL-4, IL-6, 
and IFN-7 (Ludwinski et al., 2009), possibly because cells that 
would normally have died instead survived but assumed a qui- 
escent (nonactivated, low cytokine producing) state. Short-term 
mitogenic stimulation of CD4 + T cells lacking both caspase-8 
and Bim resulted in reduced levels of IL-4 and 77YF compared 
with single mutant or WT T cells, and the reduced IFN-7 
production of Bim~'~ CD4 + T cells was rescued by the addi- 
tional loss of caspase-8. In addition, in vitro re-stimulation of 
activated CD4 + T cells demonstrated that in contrast to single 
mutant and WT control T cells, CD4 + T cells from tcasp8~'~ 
Bim~ y ~ mice produced increased amounts of IFN-7 under 
Thl culture conditions and increased levels of IL-4 and IL-10 
under Th2 culture conditions. It is therefore possible that the 
cytokine profile changes in the absence of caspase-8 and Bim, 
including increased production of Th2 cytokine IL-4 and immuno- 
suppressive cytokine IL-10, may contribute to suppressing 
autoimmunity in ?cajpS~ / ~S™~ / ~ mice. These data support the 
notion that caspase-8 and Bim are required for balanced regula- 
tion of cytokine production by the CD4 + T cell population. 

Caspase-8 plays critical roles in the regulation of both 
apoptosis and necrosis: whereas caspase-8 activation promotes 
apoptosis, deficiency or inhibition of caspase-8 unleashes necrop- 
tosis as an alternative pathway to kill the cells. Because necrop- 
tosis was elevated in primary tcasp8~'~ and tcasp8~'~ Bim~'~ 
T cells and was further increased after TCR stimulation, it is 
possible that necroptosis contributes to the impaired homeo- 
stasis of peripheral T cells in tcasp8~'~ and tcasp8~'~ BirrT'' 
mice. This is supported by the full rescue of TCR-induced 
in vitro proliferation of tcasp8~'~ and tcasp8~'~Bim~'~ T cells in 
the presence of the necroptosis inhibitor Nec- 1 . 

Our data are consistent with recent studies demonstrat- 
ing important roles for necroptosis in the phenotypes of casp8 
mutant mice. Deficiency of Ripk3, a kinase important for 
necroptosis, was sufficient to rescue embryonic lethality and 
T cell proliferation of casp8~'~ mutants (Ch'en et al., 2011; 
Kaiser et al., 2011; Oberst et al., 201 1). Similarly, necroptosis 
is elevated in the absence of Fadd, and deficiency of Ripkl, 
another kinase important for necroptosis, was sufficient to res- 
cue embryonic lethality and T cell proliferation of Fadd''' 
mutants (Zhang et al., 201 1). Therefore, it is likely that defec- 
tive proliferation of tcasp8~'~ Bim~'~ T cells, because of their 
elevated necroptosis, may lead to the restrained autoimmunity 
of tcasp8~'~ Bim~'~ mice. 

Our data also indicate that loss of Bim diminishes the 
progressive lymphadenopathy caused by caspase-8 inacti- 
vation in T cells. We hypothesize that this rescue might be 
caused by increased survival of casp8~'~ T cells lacking Bim 
as tcasp8~'~ BimT 1- mice display reduced lymphopenia early 
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in life compared with tcasp8~ mice. This rescue of T cell 
survival could contribute to reduce homeostatic proliferation 
in tcasp&~ , ~Bim~ , ~ mice and ultimately reduced lymphade- 
nopathy and lymphoid infiltration into solid organs. 

Collectively, our data demonstrate that inactivation of 
caspase-8 in T cells suppresses autoimmunity caused by Bim 
deficiency. Although autoimmunity induced as a consequence 
of loss of Bim is caused by the impaired apoptosis and the re- 
sulting escape of autoreactive T cells from deletion, inactiva- 
tion of caspase-8 in BinT'' T cells increases their spontaneous 
and activation-induced necroptosis, thereby likely leading to 
elimination of Bim''' T cells, including autoreactive ones, and 
suppression of autoimmunity. A role for caspase-8 inhibition in 
suppressing autoimmunity associated with other genetic defects 
remains to be determined; nevertheless this study highlights the 
fact that germline mutations of Fas and caspase-8 loss in T cells 
have contrasting effects on autoimmunity associated with Bim 
deficiency and supports a role for necroptosis in the suppression 
of autoimmunity. 

Materials and methods 

Ethics statement 

All experiments were performed in compliance with the guidelines of the 
Ontario Cancer Institute Animal Care Committee. 

Mice 

tcasp8~/~ mice (Salmena et al., 2003] were crossed with Bim~'~ mice 
(Bouillet et al., 1999) to generate fcasp8" A 6/m +A and casp8 m Bim*^ 
mice. tcasp8^^Bim*^ mice were crossed with caspS^Bim*^ mice to gen- 
erate caspS'^'Bim^* (WT), tcaspS^Bim*^ [tcaspS^^], teapS +/+ 8/m _/ " 
(B/rrT / '~), and tcap8^^Bim^^ mice. Mice were genotyped by PCR using 
thefollowing primers: Cre (5 '-TCGCGATTATCTTCTATATCTTCAG-3 'and 
5 '-GCTCGACCAGTTTAGTTACCC-3 '), caspase-8 (5'-CCAGGAAAAGAT- 
TTGTGTCTAGC-3' and 5 '-GGCCTTCCTGAGTACTGTCACCTGT-3 '] , WT 
Bim (5 '-CTGTCTGATGGACTGTGATCA-3 ' and 5'-CCTCCTTGTGTAAG- 
TTTCGTT-3'), and mutant Bim (5 '-CTC AGTCC ATTCATCAACAG-3 ' and 
5 '-CATTCTCGTAAGTCCGAGTCT-3 ') . All mice in this study were on a mixed 
C57BL/6 x 129/J genetic background. Mice referred to as young in this 
study were 6-8 wk of age, whereas mice >6 mo of age were considered 
to be old. 

Cell culture 

Thymocytes, splenocytes, and tN cells were cultured under 5% C0 2 at 
37°C in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS 
(Wincent Inc.] plus 0.1 % 2-ME (Invitrogen). 

Thymocyte apoptosis 

Thymocytes (2 x 1 0 s in 1 ml of culture medium) were treated with the 
following apoptotic stimuli: anti-Fas antibody (0.5 or 1 ug/ml; BD), dexa- 
methasone (0.1, 1, or 10 nM; Sigma-Aldrich], ^-irradiation (2, 4, or 
6 Gy), or plate-bound anti-CD3 antibody (5 or 10 ug/ml; 2C1 1 clone; 
BD) in combination with 1 ug/ml anti-CD28 antibody (clone 37.51; BD). 
Extent apoptosis and cell death were measured 24 h after treatment using 
the Annexin/propidium iodide Apoptosis Detection kit (R&D Systems) or 
staining with 7-amino-actinomycin D (7AAD; Sigma-Aldrich) followed by 
flow cytometric analysis. 

T cell activation and cell death 

T cells derived from spleen or fN were activated overnight in tissue cul- 
ture plates coated with 5 ug/ml anti-CD3 antibody, and for 3 d in me- 
dium containing 50 U/ml IL-2. Viable, activated T cells were isolated 
using Lympholyte-M (Cedarlane) and washed, and 2 x 10 5 cells were re- 
plated in 24-well dishes in 1 ml of medium. Cells were treated with the 
apoptotic stimuli as thymocytes (see Materials and methods). 24 h after 
treatment, cell viability was determined using Annexin/propidium iodide 
or 7AAD staining. 



FACS analysis 

Single-cell suspensions prepared from the spleen, thymus, or LN (cervical, 
inguinal, and axillary) were stained with antibodies at4°C in PBS with 1% 
FBS. The following antibodies were used: anti-CD4, anti-CD8, anti-TCR-p, 
anti-Thyl.2, anti-B220, anti-CD25 (IL-2Ra chain), anti-FoxP3, anti-CD44, 
and anti-CD62L, all conjugated to allophycocyanin, R-PE, FITC, or perCP (BD 
or eBioscience). Lymphocytes were analyzed by flow cytometry (FACSCalibur; 
BD) with CellQuest software (BD) or Flowjo analysis software (Tree Star). 

T cell cytokine production 

Flow cytometric determination of the levels of IL-2, IFN--y, and IL-4 in the cyto- 
plasm of activated peripheral T cells was performed using Cytofix/Cyto- 
perm Plus (BD) according to the manufacturer's instructions. To measure 
the levels of IL-2 production, purified T cells were stimulated with tissue 
culture plate coated anti-CD3/anti-CD28 antibodies for 6 h. To assess the 
cytokine production of helper T cells, naive CD4* T cells were purified 
using the mouse naive CD4 + T cell isolation kit (R&D Systems). For Thl 
and Th2 differentiation, purified naive CD4 + T cells (5 x 10 6 /ml) from spleen 
and LN were stimulated with 1 ug/ml anti-CD3 antibody plus 1 0 ug/ml anti- 
IL-4 antibody (1 1 Bl 1) for Thl differentiation, or with 10 ug/ml anti-IFN-7 
antibody (XMG1.2) for Th2 differentiation. After overnight culture, Thl 
cultures received 50 U/ml recombinant murine IL-2 (Invitrogen), whereas 
Th2 cultures received 50 U/ml murine IL-2 plus 500 U/ml murine IL-4 (eBio- 
science) as described previously (Hao et al., 2008). After 3-5 d of culture, 
Thl and Th2 cells were restimulated with anti-CD3/anti-CD28 antibodies 
for 6 h in the presence of Golgi-Stop (BD). The proportions of Thl cells 
secreting IFN-7 and Th2 cells secreting IL-4 and IL-10 were determined by 
intracellular anti-cytokine antibody staining followed by flow cytometric 
analysis. Antibodies and cytokines were purchased from eBioscience. 

Analyses of caspase activities in vivo 

Caspase activities were assessed using CaspACE FITC-VAD-FMK In Situ 
Marker (Promega) according to manufacturer's instructions. In brief, puri- 
fied T cells stimulated with anti-CD3 and anti-CD28 antibodies for 24 h 
were treated with CaspACE FITC-VAD-FMK In Situ Marker for 20 min and 
analyzed by FACS. 

Analyses of T cell proliferation 

T cells were enriched from spleen and LNs by depletion of B cells using 
anti-B220 antibody-conjugated magnetic beads (Invitrogen). T cell purity 
was generally >95% as determined by FACS analysis. For analysis of 
proliferation, purified T cells (1 x 10 5 ) were placed into round-bottom 
96-well plates in RPMI-1640 media containing 10% FCS and 0.1% 
p-mercaptoethanol, and were stimulated in triplicate with precoated anti- 
CD3 antibody (5 pg/ml) with or without plate-coated anti-CD28 antibody 
(1 ug/ ml) or IL-2 (1 00 U/ml). T cells were pulsed for the last 1 8 h of culture 
with 1 uCi [ 3 H]thymidine (GE Healthcare) per well and harvested at 48 and 
72 h after start of culture. Purified T cells were also labeled with CFSE and 
cultured with anti-CD3/anti-CD28 for 3 d with or without 10 uM Nec-1 . 

RNA extraction, cDNA synthesis, and real-time PCR analysis 

To assess the gene expression levels in peripheral T cells, purified T cells 
were stimulated with plate-bound anti-CD3 and anti-CD28 antibodies for 6 h. 
Total RNA was isolated from activated purified T cells using TRIZOL re- 
agent (Invitrogen) according to the manufacture's instructions. 1 ug of total 
RNA was reverse transcribed by Superscript II (Invitrogen) in the presence 
of oligo(dT) primers according to the manufacturer's instructions. Real-time 
PCR was performed using the 7900HT Fast Real Time PCR System, and 
Power SYBR Green PCR Master Mix (both from Applied Biosystems). Gene 
expression levels were normalized to p-actin expression levels. 

Primers for real-time PCR 

The following primers were used: IL-2 (5 '-CCTGAGC AGGATGGAGAAT- 
TACA-3' and 5'-TCCAGAACATGCCGCAGAG-3'), IL-4 (5'-ACAGGAGA- 
AGGGACGCCAT-3 ' and 5'-GAAGCCCTACAGACGAGCTCA-3'|, IL-6 
(5'-TAGTCCTTCCTACCCCAAnTCC-3' and 5 '-TTGGTCCTTAGCCACT- 
CCTTC-3'), IFN-y (5 '-ATGAACGCTACACACTGCATC-3 ' and 5'-CCATC- 
CTTTTGCCAGTTCCTC-3'), TNF (5'-CCCTCACACTCAGATCATCTTCT-3' 
and 5'-GCTACGACGTGGGCTACAG-3'|, p-actin (5 '-TATTGGCAAC- 
GAGCGGTTC-3 ' and 5 '-CCATACCCAAGAAGGAAGGCT-3 ') . 

Enzyme-linked immunosorbent assay 

Levels of antinuclear autoantibodies and immunoglobulins in sera of 
mice were quantified using the ANA mouse ELISA kit (Alpha Diagnostic 
International) and SBA clonotyping system/HRP and mouse immunoglobulin 
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isotype panel (SouthernBiotech], respectively. Levels of serum TNF were 
quantified using the mouse TNF ELISA Ready-SET-Go kit (eBioscience). 

Western blot and immunoprecipitation analysis 

Total protein extracts from cells were prepared using modified RIPA buffer 
(2 mM Tris-HCI, pH 7.5, 5 mM EDTA, 1 50 mM NaCI, 1 % NP-40, 1 % de- 
oxycholate, 0.025% SDS, 1 mM phenylmethylsulfonyl fluoride, and prote- 
ase inhibitor cocktail tablets [Roche]). For cytoplasmic protein extraction, 
cells were resuspended by lysis buffer (10 mM Hepes, pH 7.5, 2 mM 
MgCI 2 , 1 mM EDTA, 10 mM KCL, 1 mM DTT, 0.1 mM Na 3 No 4 , and pro- 
tease inhibitor cocktail tablets) and incubated for 15 min on ice. After incu- 
bation, 25 pi of 1 0% NP-40 was added and cells were incubated for 5 min 
on ice. Cells were centrifuged for 30 s at 13,000 rpm, and supernatant 
was collected for cytoplasmic fraction. Nuclear extraction buffer (25 mM 
Hepes, pH 7.5, 500 mM NaCI, 1 mM DTT, 10 mM NaF, 10% glycerol, 
0.2% NP-40, and 5 mM MgCI 2 ) was added to the pellet. The pellet was 
centrifuged for 5 min at 13,000 rpm, and the supernatant was collected 
for the nuclear fraction. For immunoprecipitation experiments, protein ex- 
tracts from cells were prepared using 150 mM NaCI-Tris buffer (150 mM 
NaCI, 50 Mm Tris-HCI, pH 7.5, 0.5% Triton X-l 00, and protease inhibitor 
cocktail tablets). Proteins were separated on 1 0% homemade gels. The fol- 
lowing antibodies were used in 5% powdered milk (Carnation; Nestle) or 
5% bovine serum albumin (Sigma-Aldrich) in TBS-T: anti-phospho-kBa 
(Ser32) antibody (Cell Signaling Technology), anti-kBa antibody (Cell Sig- 
naling Technology), anti-NF-KBp65 antibody (Santa Cruz Biotechnology, 
Inc.), anti-HDACl antibody (Cell Signaling Technology), anti-RIPKl anti- 
body (BD), anti-RIPK3 antibody (Imgenex Corp.), anti-LC3 antibody (Santa 
Cruz Biotechnology, Inc.), anti-actin antibody (Santa Cruz Biotechnology, 
Inc.), and anti-caspase-8 antibody (home made). HRP-Protein A (Gen- 
Script) was also used. 

Immunohistochemistry 

Organs fixed in buffered formalin were processed for paraffin-embedded 
sectioning at 5 urn, and stained with hematoxylin plus eosin (Thermo Fisher 
Scientific). For immunohistochemistry, paraffin-embedded sections were in- 
cubated with anti-B220 or anti-CD3 antibodies. Anti-rat Ig antibodies con- 
jugated to horseradish peroxidase (Dako) and anti-hamster Ig antibodies 
conjugated to alkaline phosphatase (BD) revealed B220 and CD3 labeling, 
respectively. Single antibody immunohistochemistry staining was revealed 
with horseradish peroxidase. Immunoreactivity was revealed by incubation 
in diamine benzidine and p-nitrophenylphosphate. Cy3-conjugated anti- 
mouse IgG antibody was used to examine the presence of immune complex 
deposits in kidney and other tissue sections. Images were captured with a 
1 Ox or a 20x HCX lens on a microscope (DM4000B; Leica) equipped with 
digital camera (DC 300RF; Leica). Images were acquired using Leica Image 
Manager software. All digital images were imported into Photoshop 
(Adobe) and adjusted for gain, contrast, and gamma settings. 

TEM 

Purified T cells were either untreated or activated for 24 h in the presence of 
anti-CD3 antibody. Cells were pelleted, fixed in cold 3% glutaraldehyde in 
0.1 M sodium cacodylate buffer, and postfixed in 1% aqueous osmium 
tetroxide for 1 h. Samples were rinsed and dehydrated through a series of 
graded ethanol solutions before embedding in epoxy resin. 

Statistical analysis 

Data are expressed as the mean ± SEM. The statistical significance of ex- 
perimental data (P-values, values < 0.05) was determined using the analy- 
sis of variance (ANOVA) test. A log-rank test was used to analyze the 
mortality of mouse cohorts. 

Online supplemental material 

Fig. SI shows thymic T cell populations in tcaspS^^Bim^^ and control 
mice. Fig. S2 shows the effect of caspase-8 loss in T cells on lymphadenop- 
athy caused by loss of Bim. Fig. S3 shows cytokine production levels and 
the ratio of Treg in periphery in tcasp8~/~Bim~/~ mice. Fig. S4 shows cell 
cycle analysis, caspase activities, and necroptosis complex in peripheral 
T cells treated with anti-CD3 and anti-CD28 antibody. Fig. S5 shows that loss 
of caspase-8 in T cells suppresses lymphocyte infiltration and autoimmune 
kidney disease of Bim-deficient mice. Online supplemental material is avail- 
able at http://www.jcb.org/cgi/content/full/jcb.201 103053/DC1 . 

We thank A.M. Schmitt-Verhulst, P. Golstein, M. Woo, and H. Zheng and for 
helpful discussions. 

This work was supported by the Canadian Institute of Health Research 
(MOP 36537), the National Health and Medical Research Council 



(NHMRC), Juvenile Diabetes Research Foundation/NHMRC, and the 
Leukemia and Lymphoma Society of America (Leukemia and Lymphoma Society 
SCOR grant). 

Submitted: 8 March 201 1 
Accepted: 15 September 201 1 



References 

Bell, B.D., S. Leverrier, B.M. Weist, R.H. Newton, A.F. Arechiga, K.A. Luhrs, 
N.S. Morrissette, and CM. Walsh. 2008. FADD and caspase-8 con- 
trol the outcome of autophagic signaling in proliferating T cells. Proc. 
Natl. Acad. Sci. USA. 105:16677-16682. http://dx.doi.org/10.1073/ 
pnas.0808597105 

Bidere, N., H.C. Su, and M.J. Lenardo. 2006. Genetic disorders of programmed 
cell death in the immune system. Annu. Rev. Immunol. 24:321-352. 
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090513 

Bouillet, P., and LA. O'Reilly. 2009. CD95, BIM and T cell homeostasis. Nat. 
Rev. Immunol. 9:514-519. http://dx.doi.org/10.1038/nri2570 

Bouillet, P., D. Metcalf, D.C. Huang, D M. Tarlinton, T.W. Kay, F. Kontgen, 
J.M. Adams, and A. Strasser. 1999. Proapoptotic Bcl-2 relative Bim 
required for certain apoptotic responses, leukocyte homeostasis, and to 
preclude autoimmunity. Science. 286:1735-1738. http://dx.doi.org/10 
.1126/science.286.5445.1735 

Bouillet, P., J.F. Purton, D.I. Godfrey, L.C. Zhang, L. Coultas, H. Puthalakath, 
M. Pellegrini, S. Cory, J.M. Adams, and A. Strasser. 2002. BH3-only 
Bcl-2 family member Bim is required for apoptosis of autoreactive thy- 
mocytes. Nature. 415:922-926. http://dx.doi.org/10.1038/415922a 

Ch'en, I.L., J.S. Tsau, J.D. Molkentin, M. Komatsu, and S.M. Hedrick. 2011. 
Mechanisms of necroptosis in T cells. J. Exp. Med. 208:633-641. http:// 
dx.doi.org/10.1084/jem.20110251 

Cho, Y.S., S. Challa, D. Moquin, R. Genga, T.D. Ray, M. Guildford, and F.K. 
Chan. 2009. Phosphorylation-driven assembly of the RIP1-RIP3 com- 
plex regulates programmed necrosis and virus-induced inflammation. 
Cell. 137:1112-1123. http://dx.doi.Org/10.1016/j.cell.2009.05.037 

Chun, H.J., L. Zheng, M. Ahmad, J. Wang, C.K. Speirs, R.M. Siegel, J.K. Dale, 
J. Puck, J. Davis, C.G. Hall, et al. 2002. Pleiotropic defects in lympho- 
cyte activation caused by caspase-8 mutations lead to human immuno- 
deficiency. Nature. 419:395-399. http://dx.doi.org/10.1038/nature01063 

Cohen, P.L., and R.A. Eisenberg. 1991. Lpr and gld: single gene models of sys- 
temic autoimmunity and lymphoproliferative disease. Annu. Rev. Immunol. 
9:243-269. http://dx.doi.org/10.1146/annurev.iy.09.040191.001331 

Davey, G.M., C. Kurts, J.F. Miller, P. Bouillet, A. Strasser, A.G. Brooks, F.R. 
Carbone, and W.R. Heath. 2002. Peripheral deletion of autoreactive 
CD8 T cells by cross presentation of self-antigen occurs by a Bcl-2- 
inhibitable pathway mediated by Bim. /. Exp. Med. 196:947-955. http:// 
dx.doi.org/10.1084/jem.20020827 

Declercq, W., T. Vanden Berghe, and P. Vandenabeele. 2009. RIP kinases at the 
crossroads of cell death and survival. Cell. 138:229-232. http://dx.doi 
.org/10.1016/j.cell.2009.07.006 

Degterev, A., Z. Huang, M. Boyce, Y. Li, P. Jagtap, N. Mizushima, GD. Cuny, 
T.J. Mitchison, M.A. Moskowitz, and J. Yuan. 2005. Chemical inhibi- 
tor of nonapoptotic cell death with therapeutic potential for ischemic 
brain injury. Nat. Chem. Biol. 1:112-119. http://dx.doi.org/10.1038/ 
nchembio711 

Degterev, A., J. Hitomi, M. Germscheid, I.L. Ch'en, O. Korkina, X. Teng, D. 
Abbott, G.D. Cuny, C. Yuan, G. Wagner, et al. 2008. Identification of 
RIP1 kinase as a specific cellular target of necrostatins. Nat. Chem. Biol. 
4:313-321. http://dx.doi.org/10.1038/nchembio.83 

Enders, A., P. Bouillet, H. Puthalakath, Y. Xu, D.M. Tarlinton, and A. Strasser. 
2003. Loss of the pro-apoptotic BH3-only Bcl-2 family member Bim 
inhibits BCR stimulation-induced apoptosis and deletion of autoreac- 
tive B cells. J. Exp. Med. 198:1119-1126. http://dx.doi.org/10.1084/ 
jem.20030411 

Feldmann, M. 2008. Many cytokines are very useful therapeutic targets in dis- 
ease, J. Clin. Invest. 118:3533-3536. http://dx.doi.org/10.1172/JCI37346 

Gozuacik, D., and A. Kimchi. 2004. Autophagy as a cell death and tumor sup- 
pressor mechanism. Oncogene. 23:2891-2906. http://dx.doi.org/10.1038/ 
sj.onc.1207521 

Hao, Z., G.S. Duncan, J. Seagal, Y.W. Su, C. Hong, J. Haight, N.J. Chen, A. Elia, 
A. Wakeham, W.Y. Li, et al. 2008. Fas receptor expression in germinal- 
center B cells is essential for T and B lymphocyte homeostasis. Immunity. 
29:615-627. http://dx.doi.Org/10.1016/j.immuni.2008.07.016 

He, S., L. Wang, L. Miao, T. Wang, F. Du, L. Zhao, and X. Wang. 2009. 
Receptor interacting protein kinase-3 determines cellular necrotic re- 
sponse to TNF-alpha. Cell 137:1100-1111. http://dx.doi.org/10.1016/ 
j.cell.2009.05.021 



2EO JCB • VOLUME 1 95 • NUMBER 2 • 2D1 1 



Hitomi, J., D.E. Christofferson, A. Ng, J. Yao, A. Degterev, R.J. Xavier, and J. 
Yuan. 2008. Identification of a molecular signaling network that regu- 
lates a cellular necrotic cell death pathway. Cell. 135:131 1-1323. http:// 
dx.doi.org/10.1016/j.cell.2008.10.044 

Holler, N., R. Zaru, O. Micheau, M. Thome, A. Attinger, S. Valitutti, J.L. 
Bodmer, P. Schneider, B. Seed, and J. Tschopp. 2000. Fas triggers an 
alternative, caspase-8-independent cell death pathway using the kinase 
RIP as effector molecule. Nat. Immunol. 1:489-495. http://dx.doi.org/10 
.1038/82732 

Hu, X., and L.B. Ivashkiv. 2009. Cross-regulation of signaling pathways by in- 
terferon-gamma: implications for immune responses and autoimmune 
diseases. Immunity, 31:539-550. http://dx.doi.Org/10.1016/j.immuni 
.2009.09.002 

Hughes, P.D., G.T. Belz, K.A. Former, R.C. Budd, A. Strasser, and P. Bouillet. 
2008. Apoptosis regulators Fas and Bim cooperate in shutdown of 
chronic immune responses and prevention of autoimmunity. Immunity. 
28:197-205. http://dx.doi.Org/10.1016/j.immuni.2007.12.017 

Hutcheson, J., J.C. Scatizzi, A.M. Siddiqui, G.K. Haines IE, T. Wu, Q.Z. Li, 
L.S. Davis, C. Mohan, and H. Perlman. 2008. Combined deficiency of 
proapoptotic regulators Bim and Fas results in the early onset of sys- 
temic autoimmunity. Immunity. 28:206-217. http://dx.doi.org/10.1016/ 
j.immuni.2007.12.015 

Kaiser, W.J., J.W. Upton, A.B. Long, D. Livingston-Rosanoff, L.P. Daley- 
Bauer, R. Hakem, T. Caspary, and E.S. Mocarski. 201 1. RIP3 mediates 
the embryonic lethality of caspase-8-deficient mice. Nature. 471:368- 
372. http://dx.doi.org/10.1038/nature09857 

Kang, T.B., T. Ben-Moshe, E.E. Varfolomeev, Y. Pewzner-Jung, N. Yogev, 
A. Jurewicz, A. Waisman, O. Brenner, R. Haffner, E. Gustafsson, 
et al. 2004. Caspase-8 serves both apoptotic and nonapoptotic roles. 
J. Immunol. 173:2976-2984. 

Kelley, V.E., and J.B. Roths. 1985. Interaction of mutant lpr gene with back- 
ground strain influences renal disease. Clin. Immunol. Immunopathol 
37:220-229. http://dx.doi.org/10.1016/0090-1229(85)90153-9 

Klionsky, D.J., and S.D. Emr. 2000. Autophagy as a regulated pathway of cel- 
lular degradation. Science. 290:1717-1721. http://dx.doi.org/10.1126/ 
science.290.5497.1717 

Krammer, PH., R. Arnold, and I.N. Lavrik. 2007. Life and death in peripheral 
T cells. Nat. Rev. Immunol. 7:532-542. http://dx.doi.org/10.1038/nri21 15 

Kunz, M., and S.M. Ibrahim. 2009. Cytokines and cytokine profiles in human 
autoimmune diseases and animal models of autoimmunity. Mediators 
Inflamm. 2009:979258. http://dx.doi.org/10.1155/2009/979258 

Lemmers, B., L. Salmena, N. Bidere, H. Su, E. Matysiak-Zablocki, K. Murakami, 
P.S. Ohashi, A. Jurisicova, M. Lenardo, R. Hakem, and A. Hakem. 2007. 
Essential role for caspase-8 in Toll-like receptors and NFkappaB sig- 
naling. J. Biol. Chem. 282:7416-7423. http://dx.doi.org/10.1074/jbc 
.M606721200 

Lu, B., E. Capan, and C. Li. 2007. Autophagy induction and autophagic cell 
death in effector T cells. Autophagy. 3: 158-159. 

Ludwinski, M.W., J. Sun, B. Hilliard, S. Gong, F. Xue, R.J. Carmody, J. 
DeVirgiliis, and Y.H. Chen. 2009. Critical roles of Bim in T cell acti- 
vation and T cell-mediated autoimmune inflammation in mice. J. Clin. 
Invest. 119:1706-1713. http://dx.doi.org/10.1172/JCI37619 

Maelfait, J., and R. Beyaert. 2008. Non-apoptotic functions of caspase-8. Biochem. 
Pharmacol. 76:1365-1373. http://dx.doi.Org/10.1016/j.bcp.2008.07.034 

Marleau, A.M., and N. Sarvetnick. 2005. T cell homeostasis in tolerance and immu- 
nity. J. Leukoc. Biol. 78:575-584. http://dx.doi.org/10.1189/jlb.0105050 

Nagata, S., andT. Suda. 1995. FasandFasligand: lpr and gld mutations. Immunol. 
Today. 16:39^13. http://dx.doi.org/10.1016/0167-5699(95)80069-7 

Newton, K., A.W. Harris, M.L. Bath, K.G. Smith, and A. Strasser. 1998. A 
dominant interfering mutant of FADD/MORT 1 enhances deletion of auto- 
reactive thymocytes and inhibits proliferation of mature T lymphocytes. 
EMBOJ. 17:706-718. http://dx.doi.org/10.1093/emboj/173.706 

Oberst, A., CP. Dillon, R. Weinlich, L.L. McCormick, P. Fitzgerald, C. Pop, R. 
Hakem, G.S. Salvesen, and D.R. Green. 2011. Catalytic activity of the 
caspase-8-FLIP(L) complex inhibits RIPK3-dependent necrosis. Nature. 
471:363-367. http://dx.doi.org/10.1038/nature09852 

Ohashi, P.S. 2002. T-cell signalling and autoimmunity: molecular mechanisms 
of disease. Nat. Rev. Immunol. 2:427-438. 

Osborn, S.L., G. Diehl, S.J. Han, L. Xue, N. Kurd, K. Hsieh, D. Cado, E.A. Robey, 
and A. Winoto. 2010. Fas-associated death domain (FADD) is a negative 
regulator of T-cell receptor-mediated necroptosis. Proc. Natl. Acad. Sci. 
USA. 107:13034-13039. http://dx.doi.org/10.1073/pnas.1005997107 

O'Shea, J.J., and W.E. Paul. 2010. Mechanisms underlying lineage commitment 
and plasticity of helper CD4+ T cells. Science. 327:1098-1102. http:// 
dx.doi.org/1 0. 1 1 26/science. 1 1 78334 

O'Shea, J.J., A. Ma, and P. Lipsky. 2002. Cytokines and autoimmunity. Nat. 
Rev. Immunol. 2:37^5. http://dx.doi.org/10.1038/nri702 



Rebe, C, S. Cathelin, S. Launay, R. Filomenko, L. Prevotat, C. L'Ollivier, 
E. Gyan, O. Micheau, S. Grant, A. Dubart-Kupperschmitt, et al. 2007. 
Caspase-8 prevents sustained activation of NF-kappaB in monocytes 
undergoing macrophagic differentiation. Blood. 109:1442-1450. http:// 
dx.doi.org/10.1182/blood-2006-03-011585 

Salmena, L., and R. Hakem. 2005. Caspase-8 deficiency in T cells leads to a 
lethal lymphoinfiltrative immune disorder. J. Exp. Med. 202:727-732. 
http://dx.doi.org/10.1084/jem.20050683 

Salmena, L., B. Lemmers, A. Hakem, E. Matysiak-Zablocki, K. Murakami, P.Y. 
Au, D.M. Berry, L. Tamblyn, A. Shehabeldin, E. Migon, et al. 2003. 
Essential role for caspase 8 in T-cell homeostasis and T-cell-mediated 
immunity. Genes Dev. 17:883-895. http://dx.doi.org/10.1101/gad.1063703 

Saraiva, M., and A. O'Garra. 2010. The regulation of IL-1 0 production by immune 
cells. Nat. Rev. Immunol. 10:170-181. http://dx.doi.org/10.1038/nri2711 

Sebzda, E., S. Mariathasan, T. Ohteki, R. Jones, M.F. Bachmann, and P.S. 
Ohashi. 1999. Selection of the T cell repertoire. Annu. Rev. Immunol. 17: 
829-874. http://dx.doi.org/10.1146/annurev.immunol.17.L829 

Sehra, S., D. Patel, S. Kusam, Z.Y. Wang, C.H. Chang, and A.L. Dent. 2005. A 
role for caspases in controlling IL-4 expression in T cells. J. Immunol. 
174:3440-3446. 

Siegel, R.M. 2006. Caspases at the crossroads of immune-cell life and death. 

Nat. Rev. Immunol. 6:308-317. http://dx.doi.org/10.1038/nril809 
Strasser, A., P.J. Jost, and S. Nagata. 2009. The many roles of FAS receptor 

signaling in the immune system. Immunity. 30:180-192. http://dx.doi 

.org/1 0.101 6/j.immuni.2009.0 1 .00 1 

Su, H., N. Bidere, L. Zheng, A. Cubre, K. Sakai, J. Dale, L. Salmena, R. Hakem, 
S. Straus, and M. Lenardo. 2005. Requirement for caspase-8 in NF- 
kappaB activation by antigen receptor. Science. 307:1465-1468. http:// 
dx.doi.org/10.1126/science.1104765 

Theofilopoulos, A.N., W. Dummer, and D.H. Kono. 2001. T cell homeostasis 
and systemic autoimmunity. J. Clin. Invest. 108:335-340. 

Vandenabeele, P., L. Galluzzi, T. Vanden Berghe, and G. Kroemer. 2010. 
Molecular mechanisms of necroptosis: an ordered cellular explosion. Nat. 
Rev. Mol. Cell Biol. 11:700-714. http://dx.doi.org/10.1038/nrm2970 

Weant, A.E., R.D. Michalek, LU. Khan, B.C. Holbrook, M.C. Willingham, and 
J.M. Grayson. 2008. Apoptosis regulators Bim and Fas function concur- 
rently to control autoimmunity and CD8+ T cell contraction. Immunity. 
28:218-230. http://dx.doi.Org/10.1016/j.immuni.2007.12.014 

Wilson, N.S., V. Dixit, and A. Ashkenazi. 2009. Death receptor signal transduc- 
ers: nodes of coordination in immune signaling networks. Nat. Immunol. 
10:348-355. http://dx.doi.org/10.1038/ni.1714 

Youle, R.J., and A. Strasser. 2008. The BCL-2 protein family: opposing activi- 
ties that mediate cell death. Nat. Rev. Mol. Cell Biol. 9:47-59. http:// 
dx.doi.org/10.1038/nrm2308 

Zhang, J., D. Cado, A. Chen, N.H. Kabra, and A. Winoto. 1998. Fas- 
mediated apoptosis and activation-induced T-cell proliferation are defec- 
tive in mice lacking FADD/Mortl. Nature. 392:296-300. http://dx.doi 
.org/10.1038/32681 

Zhang, D.W., J. Shao, J. Lin, N. Zhang, B.J. Lu, S.C. Lin, M.Q. Dong, and 
J. Han. 2009. RIP3, an energy metabolism regulator that switches TNF- 
induced cell death from apoptosis to necrosis. Science. 325:332-336. 
http://dx.doi.Org/10.l 126/science,l 172308 

Zhang, H., X. Zhou, T. McQuade, J. Li, F.K. Chan, and J. Zhang. 201 1. Functional 
complementation between FADD and RIP1 in embryos and lymphocytes. 
Nature. 471:373-376. http://dx.doi.org/10.1038/nature09878 

Zhu, J., H. Yamane, and W.E. Paul. 2010. Differentiation of effector CD4 
T cell populations (*). Annu. Rev. Immunol. 28:445^1-89. http://dx.doi 
.org/1 0. 1 146/annurev-immunol-030409- 101212 



Caspase-B in necroptosis and autoimmunity • Bohgaki et al. 291 



